The palladium-catalyzed [3+2] cycloaddition of trimethylenemethane (TMM) with aldehydes is a direct and efficient route to methylenetetrahydrofurans. Herein we describe the first asymmetric synthesis of methylenetetrahydrofurans utilizing a palladium-TMM complex in the presence of a novel phosphoramidite ligand possessing a stereogenic phophorus. The method allows for the formation of chiral disubstituted tetrahydrofurans in good yields and enantioselectivies.
Despite these advances, extension of the TMM cycloaddition towards the synthesis of tetrahydrofurans using these ligands has remained a challenge, generally affording products with only modest ee (eq 1). Conspicuously absent from the previous work, however, is any modification of the BINOL component of the phosphoramidite. While 3,3'-disubstituted BINOL derivatives are common in chiral catalysis, mono-substituted derivatives are rare. 10 Additionally, such ligands possess added complexity in that they bear a stereogenic phosphorus, mandating efficient stereocontrol during ligand synthesis. Herein, we report our efforts to prepare such C 1 -symmetric ligands and their utilization in the palladium-catalyzed TMM cycloaddition with aldehydes, allowing for the synthesis of methylenetetrahydrofurans in high yield and enantiopurity.
We have previously demonstrated that the Pd-TMM cycloaddition is a direct and efficient method for the generation of highly substituted tetrahydrofurans. 11 A critical breakthrough in this pioneering work was the discovery that Lewis acid co-catalysts such as tin or indium 12 salts facilitate cycloaddition. For example, reaction of cinnamaldehyde in the absence of a Lewis acid affords a mixture of the desired cycloadduct, an acyclic by-product, and oligomeric impurities in 65% yield (eq 2). In the presence of catalytic Me 3 SnOAc, however, the desired product is formed in 95% yield (eq 3). 11a We attributed the change in reactivity to activation of the carbonyl group and coordination of the intermediate alkoxide (III) by the Lewis acid, resulting in a softer nucleophile that is more suitable for the intramolecular cyclization with the Pd-π-allyl.
Our initial efforts to develop the asymmetric aldehyde cycloaddition focused on the use of ligand L1 with 2-naphthaldehyde as a test substrate. In light of the above mechanistic discussion, we were surprised to see comparable yields of the desired cycloadduct when the reaction was run with or without In(acac) 3 (Table 1 , entries 1 and 2). When other substrates were examined, however, yields were generally 20-30% lower without In(acac) 3 . Based on these results, a survey of Lewis acids seemed appropriate. To better evaluate potential Lewis acids, we switched to ligand L2, which gave only a 33% yield in the absence of a co-catalyst (entry 3). Indium (entry 4) or tin (entry 5) salts gave significantly better yields, although the toxicity of the latter makes this option unattractive. B-Methoxy-9-borabicyclo [3.3.1] nonane gave the best yield with 2-naphthaldehyde (entry 6), but when this additive was tested with other substrates the results were comparable or worse than In(acac) 3 . We briefly examined chiral boranes such as 2-methyl-CBS-oxazaborolidine, but were unable to improve enantioselectivity (entries 7 and 8). We therefore adopted a standard procedure employing 10 mol% In(acac) 3 for further optimization. Returning our attention to the effect of the ligand, we explored bis-1-naphthyl L3 and the bis-p-biphenyl L4, but neither was competitive with L1. Ligands bearing acyclic amines such as Feringa ligand L5 resulted in near-racemic product.
Establishing the bis-2-naphthyl pyrrolidine as the optimal amine for the phosphoramidite, we next examined the effect of derivatizing the BINOL (Scheme 1). Surprisingly, bis-3,3'-methylated L6 resulted in a completely inactive catalyst. However, mono-methylated L7 not only gave excellent conversion but also an increase in ee. Owing to the loss of C 2 symmetry, such ligands bear a stereogenic phosphorus center that is set during the phosphoramidite synthesis. Interestingly, we observed no change in enantioselecitivity when using batches of ligands with different diastereomeric ratios, although the yield did change. This result, confirmed by selective preparation of both diastereomers, indicates that only a single diastereomer of the phosphoramidite is catalytically active. 13 While the ethyl analog L8 gave a comparable result to that of L7, use of the i-propyl ligand L9 resulted in a substantial drop in both yield and selectivity. Such a drastic change suggests that both the steric demands and conformation of the substituent are important factors affecting the enantiocontrol of the ligand. We hypothesized that an ortho-substituent tethered to the 4-position of BINOL would be conformationally constrained and therefore might lead to better ee. Indeed, naphthofuran L10 led to a further improvement and dihydrofuran L11 gave the best result with an 80% yield and 87% ee. 14 With optimized conditions in place, the reaction scope was examined (Table 2) . In most cases, the temperature could be lowered to 23 °C, resulting in slight improvements in ee. However, all attempts at 4 °C resulted in no reaction. Comparing the optical rotation of the known benzaldehyde cycloadduct (entry 2) 15 allowed for the determination of absolute configuration, and all other examples are proposed by analogy. In large-scale experiments (1.0 mmol) using either 2-naphthaldehyde or benzaldehyde, catalyst loading could be lowered to 2.5% without erosion of yield or ee. 16 Good to excellent yields and enantioselectivities were obtained with electron-rich benzaldehydes bearing various substitution patterns, including mono-(entries 3-6) and disubstituted (entry 7) substrates. While the reaction of 4-chlorobenzaldehyde proceeded with good yield and selectivity (entry 8), p-nitrobenzaldehyde gave only 36% ee under the optimized conditions (entry 9). Further testing with other Lewis acids suggested that coordination of the nitro group was interfering with the enantiodetermining event. However, employing ligand L1 in this case resulted in a 78% ee. Heterocyclic aldehydes also gave cycloadducts in good optical purity (entries 10-11). Chemoselective cycloaddition with the carbonyl group of cinnamaldehyde derivatives was also possible. While the reaction of cinnamaldehyde shows a 3:1 mixture of aldehyde and olefin cycloadducts with moderate ee for the oxacycle (entry 12), alpha-alkylated cinnamaldehydes showed exclusive reaction with the carbonyl group, giving methylenetetrahydrofurans in good ee (entries [13] [14] . At this time, the success of α,β-unsaturated aldehydes as substrates allows them to serve as a surrogate for saturated aliphatic aldehydes by simple hydrogenation of the double bond.
Interestingly, when several substrates were tested without In(acac) 3 , the reaction still gave excellent yields of the desired cycloadduct (entries 1, 3, 4, 7, 8, [12] [13] [14] . In fact, of those substrates tested without a Lewis acid, only in the case of 3-pyridinecarboxaldehyde did the absence of In(acac) 3 lead to a clear reduction in yield (54% vs. 86% with In(acac) 3 ). We note, also, that ligand L1 was capable of facilitating cycloaddition in the absence of a Lewis acid, albeit only in the reaction of 2-naphthaldehyde. We hypothesize that the more electron-rich L11 may enhance the nucleophilicity of the Pd-TMM intermediate (II) and stabilize the resultant Pd-π-allyl intermediate (III) towards cyclization. Furthermore, the increased steric bulk of ligand L11 may constrain the conformation to favor the desired intramolecular cyclization as well as inhibit approach of an external silylating agent.
In summary, we have developed a new phosphoramidite ligand bearing a stereogenic center at phosphorus. Interestingly, we find that only a single diastereomer of the ligand is catalytically active, allowing even mixtures diastereomeric at phosphorus to function in the reaction. Furthermore, the high reactivity combined with the steric demands of these ligands mitigate the need for the Lewis acid co-catalysts that proved essential for the previous achiral phosphite ligands employed for these cycloadditions. Utilizing the novel phosphoramidites in the palladium-catalyzed [3+2] cycloaddition of TMM with aldehydes allows for the formation of methylenetetrahydrofurans in good to excellent yields and enantioselectivities. Investigations into the full scope of this reaction, including the use of other carbonyl acceptors and substituted TMM donors, are currently underway and will be reported in due time.
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Scheme 1.
Selected BINOL Derivatization Resultsa a All reactions were conducted at 0.15 M in toluene at 50 °C, with 1.6 equivalents 1, 5% Pd(dba) 2 , 10% In(acac) 3 and 10% ligand. Yields are isolated values; ee's were determined by chiral HPLC.
